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We investigate the logic by which sensory input is
translated into behavioral output. First we provide
a functional analysis of the entire odor receptor rep-
ertoire of an olfactory system. We construct tuning
curves for the 21 functional odor receptors of the
Drosophila larva and show that they sharpen at lower
odor doses. We construct a 21-dimensional odor
space from the responses of the receptors and find
that the distance between two odors correlates with
the extent to which one odor masks the other. Muta-
tional analysis shows that different receptors medi-
ate the responses to different concentrations of an
odorant. The summed response of the entire recep-
tor repertoire correlates with the strength of the
behavioral response. The activity of a small number
of receptors is a surprisingly powerful predictor of
behavior. Odors that inhibit more receptors are
more likely to be repellents. Odor space is largely
conserved between twodissimilar olfactory systems.
INTRODUCTION
One of the great challenges of neuroscience is to understand the
rules by which sensory input is translated into behavioral output.
Enormous progress has been made in elucidating principles by
which sensory information is encoded by receptors and cells
of the peripheral nervous system. Less is known, however, about
the internal representations of sensory stimuli at each succes-
sive level of circuitry. Anatomical studies have traced synaptic
connections in early stages of some circuits, and electrophysio-
logical or imaging studies have revealed how representations of
stimuli are transformed at some of these stages. However, the
overall logic by which sensory information dictates a particular
behavioral response in an organism remains largely unknown.
An important long-term goal is the ability to predict the behavior
of an organism from the activity of its sensory receptors.
In the case of olfaction, a major impediment to understanding
how sensory input is translated into behavior is the numerical
complexity of olfactory systems. A full molecular description of
the sensory input into the system requires a functional analysis110 Neuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc.of the entire receptor repertoire. Olfactory systems of mammals
and C. elegans contain hundreds of different receptors (Ache
and Young, 2005), and a functional analysis of an entire reper-
toire has not been possible with the available technology. InDro-
sophila, a large-scale analysis recently described the coding of
odors by 24 antennal receptors (Hallem and Carlson, 2006; Hal-
lem et al., 2004b); however, the analysis did not include eight
other antennal receptors or the seven receptors of the maxillary
palp, the other organ of the fly olfactory system.
In this study, we present an analysis of the full receptor reper-
toire of an olfactory system and the behavior that it generates.
The analysis concerns the olfactory system of the Drosophila
larva, which is morphologically and developmentally distinct
from that of the adult. Odors are sensed by the larval dorsal or-
gan, a dome of cuticle at the anterior end of the larva that is per-
forated by pores throughwhich odors can pass (Hertweck, 1931;
Louis et al., 2008; Oppliger et al., 2000; Singh and Singh, 1984;
Stocker, 1994). The dome is innervated by the dendrites of 21
olfactory receptor neurons (ORNs). As in the adult fly and verte-
brates, each ORN expresses one or a small number of receptors
(Fishilevich et al., 2005; Kreher et al., 2005). Each ORN projects
to a discrete region of the larval antennal lobe that is referred to
as a glomerulus (Python and Stocker, 2002a). Each glomerulus
appears to be innervated by one projection neuron, which in
turn sends an axon to one or two glomeruli in the mushroom
body (Ramaekers et al., 2005). The glomeruli of the antennal
lobe are interconnected by local interneurons that arborize
throughout the antennal lobe.
Of the 60Odor receptor (Or) genes ofDrosophila, a subset was
found to be expressed in the larva, and 11 of these were demon-
strated to encode functional odor receptors (Kreher et al., 2005).
The odor response spectra of these receptors were examined
using the ‘‘empty neuron’’ system, an in vivo expression system
based on a mutant ORN of the fly that lacks an endogenous re-
ceptor. Individual larval Or genes were expressed in this ORN,
and the odor responses that they conferred were determined
by electrophysiological recordings. These 11 genes represent
less than half of the total larval odor receptor repertoire, how-
ever. Expression studies (Couto et al., 2005; Kreher et al.,
2005), and most notably a systematic in situ hybridization analy-
sis (Fishilevich et al., 2005), have shown that 25 of the Or genes
are expressed in the larval olfactory system. Approximately half
of these larval Or genes are also expressed in the adult olfactory
organs.
Neuron
Sensory Input to Behavioral OutputOlfactory responses of fly larvae have inspired investigation
since the 17th century (Cobb, 1999). Drosophila larvae respond
behaviorally to a wide variety of odors (Aceves-Pina and Quinn,
1979; Ayyub et al., 1990; Cobb, 1999; Fishilevich et al., 2005;
Larsson et al., 2004; Monte et al., 1989; Oppliger et al., 2000).
Some odors elicit strong attractive responses, whereas others
are repellent. A recent study showed that when ORNs express-
ing the Or1a, Or42a, or Or49a genes were genetically ablated,
larval responses to subsets of odorants were defective (Fishile-
vich et al., 2005). Conversely, larvae containing only an Or42a-
functional ORN, i.e., larvae in which the only functional ORN is
one that expresses Or42a, were able to respond to a subset of
stimuli. This study further showed that, although larvae contain-
ing only Or1a- or Or49a-functional ORNs did not chemotax
toward any tested odors, larvae containing both an Or42a-func-
tional ORN and either an Or1a-functional ORN or an Or49a-
functional ORN responded to a somewhat different subset of
odorants than did larvae containing only an Or42a-functional
ORN. These data supported a model in which the larval behav-
ioral response depends on the combined input from multiple
odor receptors. The results illustrate the value of a systematic
analysis of the role of the entire larval receptor repertoire in
generating behavior.
To investigate the logic by which sensory input is converted to
behavioral output, we first define odor response spectra for the
full larval odor receptor repertoire. We measure behavioral re-
sponses to all odorants of the panel and find that the responses
show a smooth distribution from strong attractive responses to
repellent responses. We then examine the perceptual relation-
ship among odors. A 21-dimensional odor space is constructed
from the responses of the 21 receptors, and the distance
between two odors in the space correlates with the likelihood
that one odor will mask the other. We then examine how the re-
sponses of multiple receptors are integrated to generate behav-
ior. Using mutants of receptor genes, we show that responses
to different concentrations of an odorant depend on different
receptors. Or42b, which in electrophysiological analysis has
a low threshold for ethyl acetate, is required for behavioral re-
sponse to low concentrations of ethyl acetate; Or42a, which
has a high threshold, is required for behavioral response to
high concentrations. We next consider responses to all odors
of the panel and find that the summed receptor input across
the entire receptor repertoire shows a modest correlation with
the behavioral response index. We then find that the behavioral
response can be predicted with surprising accuracy from the re-
sponses of a small subset of receptors. Moreover, odors that
inhibit many receptors are more likely to be repellents, and a
discriminant function is able to distinguish repellents from
nonrepellents on the basis of receptor responses. Finally, we
provide evidence that odor space is largely conserved between
two dissimilar olfactory systems: those of the larva and the adult.
RESULTS
Response Spectra of the Larval Odor
Receptor Repertoire
A consensus set of 25 larval Or receptors was identified on the
basis of three studies of Or gene expression (Couto et al.,2005; Fishilevich et al., 2005; Kreher et al., 2005). The expression
of these 25 genes in larval ORNs has been documented either by
in situ hybridization (Fishilevich et al., 2005) or, in the case of
Or49a, by reporter gene expression driven by an Or promoter
via the GAL4/UAS system (Fishilevich et al., 2005; Kreher
et al., 2005). We have expressed all 25 genes in the empty neu-
ron system and tested them with a diverse panel of odorants.
Previous work found that the response spectrum, response
mode, i.e., excitation or inhibition, and temporal dynamics of an-
tennal receptors were the same in the empty neuron as in the
ORN in which they were normally expressed (Hallem et al.,
2004b). The present analysis includes 14 receptors that were
not tested in our earlier study of larval odor receptors (Kreher
et al., 2005), and it extends the analysis of the other 11 receptors.
Of the 25Or genes, 21 conferred odor responses. Alleles of the
remaining four genes (Or1a,Or33a,Or63a, andOr83a) in our lab-
oratory Canton-S strain appeared to be nonfunctional. They did
not confer a regular pattern of spontaneous action potentials,
and they did not confer any odor-evoked responses when ex-
pressed from genomic constructs in the empty neuron system.
Or1a and Or33a each contain an amino acid polymorphism, in
comparison to another wild-type strain, Oregon-R. The Ore-
gon-R alleles conferred a regular pattern of spontaneous action
potentials; the Oregon-R allele of Or33a did not confer strong re-
sponses (R100 spikes/s) to any odorant of our panel or to mix-
tures representing 100 odorants (Figure S1A available online
and data not shown). The Oregon-R allele of Or1a yielded a re-
sponse >50 spikes/s only to a mixture containing methyl benzo-
ate, which activates an Or1a-expressing ORN in that strain (Fish-
ilevich et al., 2005; Louis et al., 2008). Not only did Or63a not
function when expressed from Canton-S genomic DNA, but it
did not function when expressed from Canton-S cDNA or from
Oregon-R genomic DNA. We recovered a second allele of
Or83a from Canton-S that contains a premature stop codon. In
summary, the simplest interpretation of our results is that, in
our Canton-S laboratory strain, 21 Or genes encode functional
odor receptors.
The 21 receptors were systematically tested with 26 diverse
odorants, each examined at two concentrations, and CO2;
thus, 1113 receptor-odorant combinations were tested (Fig-
ure 1). The odorants were selected to include ketones, aro-
matics, alcohols, esters, aldehydes, a terpene, and an organic
acid, and they include compounds of varying chain lengths.
We initially tested the odorants as ‘‘102’’ dilutions (see Experi-
mental Procedures); this dosage has been used in many previ-
ous studies (De Bruyne et al., 2001; Hallem et al., 2004b; Kreher
et al., 2005; Larsson et al., 2004; Wilson et al., 2004) and allows
a convenient assessment of the response spectra of receptors.
Lower concentrations were administered as 104 dilutions (Hal-
lem and Carlson, 2006). At the higher concentration tested, 19%
of the receptor-odorant combinations yielded an excitatory
response of R50 spikes/s; 12% yielded a strong response,
defined here as R100 spikes/s; 8% yielded a response of
R150 spikes/s; and 4% yielded a response of R200 spikes/s
(Figures 1A and S2A).
Receptors varied a great deal in the number of odorants that
excited them strongly. At one extreme, Or67b was strongly
excited by eight odorants (30% of the panel), and Or42aNeuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc. 111
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centration. At the other extreme, four of the 21 receptors were
not strongly excited by any odorants. The receptors showed
a smooth distribution between these two extremes (Figure S2A).
Odorants varied according to the number of receptors that
they strongly excited. 1-hexanol elicited a strong excitatory re-
sponse from six receptors at the higher concentration, whereas
four compounds did not strongly excite any receptor (Figure 1A).
Inhibitory responses, defined as a reduction in the firing rate to
%50% of the spontaneous level, were also observed (Figures 1
and S2A). At the higher doses, most odorants inhibited at least
one receptor, and most receptors were inhibited by at least
one odorant. Our estimate of the extent of inhibition should be
regarded as an approximation. For example, it is difficult to
observe inhibition in the receptors with low spontaneous firing
rates. We also note that we have adopted a conservative defini-
tion of inhibition.
Figure 1. Odor Responses
(A) Responses to odorants at a 102 dilution. ‘‘.,’’ n
< 50 spikes/s; ‘‘+,’’ 50 % n < 100 spikes/s; ‘‘++,’’
100 % n < 150 spikes/s; ‘‘+++,’’ 150 % n < 200
spikes/s; ‘‘++++,’’ nR 200 spikes/s. ‘‘’’ denotes
inhibition to%50% of the spontaneous firing rate.
Inhibition was not calculated for Or47a; its low
spontaneous firing rate (<4 spikes/s) made it diffi-
cult to quantitate inhibition. Each value represents
the mean activity during a 0.5 s odor stimulation
period. Spontaneous activity and response to sol-
vent alone have been subtracted from response
values. Numerical values are provided in Table
S1. n R 6. Responses of Or30a, Or42a, Or45,
Or45a, Or49a, Or59a, Or67b, Or74, Or85c, Or94,
and Or94b were taken from Kreher et al. (2005).
Odorants are color coded by functional group:
pink, organic acid; light green, terpene; gray, alde-
hyde; yellow, ketone; light blue, aromatic; red, al-
cohol; dark green, ester.
(B)Responses to odorants at a 104 dilution. nR6.
A small fraction of the odorant-recep-
tor combinations tested here were
also evaluated in a previous study of
antennal receptors (Hallem and Carlson,
2006). The results are generally in
good agreement (see Experimental Pro-
cedures).
At lower odorant concentrations,
strong excitatory responses are much
more sparse. When the concentration
was reduced by two orders of magnitude,
the percentage of combinations produc-
ing R50 spikes/s fell from 19% to 4%,
the percentage producing R100 spikes/
s fell from 12% to 2%, and the percent-
age producing R200 spikes/s fell from
4% to 1% (Figure 1B). Of the nine recep-
tors that responded strongly to at least
one odorant at low concentrations, six re-
sponded strongly to one odorant only. No odorant elicited
a strong response from more than one receptor.
We have established tuning curves for each receptor of the lar-
val repertoire, at each concentration tested (Figure 2). When
tested with 102 dilutions, the tuning curves showed a range of
tuning breadths, with some receptors appearing very broadly
tuned. By contrast, when tested with 104 dilutions, none of
the receptors appeared broadly tuned, and many appeared
more narrowly tuned.
Behavioral Responses
Having thus examined the physiological responses generated by
each odor of the panel, we then measured the behavioral re-
sponses of the larva to each odor. We used a simple behavioral
paradigm in which larvae migrate across a Petri plate toward
a source of odorant (Figure 3A). A response index (RI) was calcu-
lated at the end of a 5min test period, as in earlier studies (Monte112 Neuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc.
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ber of animals, S, on the half of the plate containing the odorant,
subtracting the number, C, on the control half, and dividing by
the total; thus, RI = (S  C)/(S + C). The RI ranges from 1 (com-
plete attraction) to 0 (no response) to 1 (complete repulsion).
The odors of the panel elicited a broad range of responses
(Figure 3B). Most odors were attractive at the test concentration,
with E2-hexenal eliciting the strongest response: RI = 0.74 ± 0.07
(n = 10 trials). Among repellents, the strongest was geranyl
acetate: RI = 0.40 ± 0.07 (n = 10 trials; for statistical analysis
of repellency, see Experimental Procedures). Odorants of
diverse chemical classes elicited strong responses of the same
response mode, i.e., the strongest attractants (E2-hexenal, pro-
pyl acetate, 2-heptanone) are an aldehyde, ester, and ketone, re-
spectively. Likewise, the repellents included a terpene, a ketone,
an alcohol, and aromatics.
Predicting Perceptual Quality from Odor Space:
Odor Masking
We used the responses of the receptor repertoire to examine
perceptual relationships among odorants. We constructed
a 21-dimensional odor space in which each dimension repre-
Figure 2. Tuning Breadths of Larval Odor-
ant Receptors
(A) Tuning curves for odorants at a 102 dilution.
Odorants are arranged to give the smoothest
curve, with the order of odorants differently ar-
ranged for each receptor; odorants that elicit the
strongest responses are near the center of the dis-
tribution, while odorants that elicit weak re-
sponses are near the edges. Negative values indi-
cate inhibitory responses. The graphs are ordered
according to the number of odorants that elicit re-
sponses >100 spikes/s. The first four graphs are
ordered according to the strongest response of
each receptor.
(B) Tuning curves of receptors to odorants at
a 104 dilution.
sents the response of one odor receptor
in spikes/s. Odorants were plotted in
this space based on the responses they
elicited at a 102 dilution. We then calcu-
lated distances pairwise between all
odorants. Two kinds of distances were
determined. First, Euclidean distances
were calculated pairwise between all
odorants. Second, angular distances
were calculated, based on the angle be-
tween the two vectors that extend from
the origin of the 21-dimensional space
to each of the two odorants (see Experi-
mental Procedures).
From the matrix of distances, we con-
structed two separate three-dimensional
projections of odor space, one based on
the Euclidean distances and one based
on the angular distances, using multidi-
mensional scaling (MDS; Figure 4A). The closest and most dis-
tant pairs of odorants in terms of Euclidean distance are shown
in Figure 4B. Members of the closest pairs are structurally re-
lated. (We exclude from consideration three odorants that fail
to elicit a response of >50 spikes/s from any receptor and that
map near each other for this reason.) The most distant relation-
ships, by contrast, are in each case between an aliphatic and
an aromatic odorant. In the case of angular distance, the most
closely related pairs are again structurally related, and the dis-
tant pairs are again structurally dissimilar (Figure 4C). The two
closest pairs in angular distance are also two of the closest in Eu-
clidean distance. Overall, the Euclidean and angular distances
were generally concordant for pairs of odors that were close in
odor space but showed less agreement for pairs of odors that
were more distant (Figure S3).
We note that in general the Euclidean distance is more sensi-
tive to themagnitudes of receptor responses, whereas the angu-
lar distance is more sensitive to the ‘‘pattern’’ of receptor firing,
i.e., to the identity of the responding receptors. (Consider, for ex-
ample, two vectors in a three-dimensional space whose direc-
tions are very similar; increasing the magnitude of one vector
will have an effect on the Euclidean distance but not on theNeuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc. 113
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used as the basis of a hierarchical cluster analysis (Figure S4),
which shows that in a number of cases structurally similar odors
clustered together, although in no case did all odorants of a
particular structural class cluster together.
We then asked whether two odorants that are close in odor
space are close in perceptual qualities. There are several para-
digms for examining perceptual relationships between two odor-
ants. We have examined odor masking, a phenomenon that is
convenient tomeasureandmaybeofdirect importance toanimals
in their natural environment by affectingwhat odors they perceive.
The odor masking paradigm is based on the behavioral para-
digm shown in Figure 3A. Responses to a point source of odor-
ant A are measured in the presence of a background of odorant
B; odorant B is uniformly distributed across a filter that covers
nearly the entire lid of the Petri dish in which the assay is con-
ducted. We then determine whether the background of odorant
B decreases the response of the animals to odorant A. This par-
adigm was used in a previous study of Drosophila larvae (Ro-
drigues, 1980), and a very similar paradigm has been used in
C. elegans (L’Etoile and Bargmann, 2000; Wes and Bargmann,
2001): if the worms responded to odor A in a background of B,
then they were inferred to be able to discriminate A from B; if
they cannot discriminate A from B, then a background of A
was expected to block the response to B. We will interpret the
Figure 3. Behavioral Responses to Odor-
ants
(A) Olfactory behavioral assay. (Left) Initial condi-
tions. (Right) Response to the odor after 5 min.
Odorant was loaded on left filter paper disk. Taken
fromMonte et al. (1989), with kind permission from
Springer Science+Business Media.
(B) Behavioral responses to 102 odorant dilu-
tions. Each bar represents RI ± SEM; n = 10.
results not in terms of discrimination but
in terms of masking. The ability to identify
odors in a background of other odors has
also been described as odor segmenta-
tion (Wilson and Mainen, 2006).
As an initial test, we asked whether the
response to a point source of odorant
A was decreased by the presence of
a background of odorant A. We found
that the response to a 104 dilution of
ethyl acetate was in fact decreased by
a background of ethyl acetate (Figure 5A).
The mean response to the ethyl acetate
source decreased progressively as the
dose of the background odor was in-
creased, over six orders of magnitude:
a severe decrease was observed when
the dilution of the masking odorant
reached 104, and the response was
abolished when the masking odorant
reached a 103 dilution.
We then systematically tested the odorants of our panel at
a 102 dilution for their ability to block the response to ethyl ac-
etate. The background odorants varied across a broad range in
their effects, from complete masking to no masking (Figure 5B).
In addition to ethyl acetate, a background of propyl acetate, ethyl
butyrate, or 1-hexanol reduced the RI to below 0.2.
The analysis was then extended to examine masking of re-
sponses to five additional odorants that elicited strong behav-
ioral responses: 2-heptanone, 3-octanol, E2-hexenal, ethyl buty-
rate, and 2,3-butanedione. We tested the ability of ethyl acetate
and other odorants to mask the responses to these five odorants
(Figures 5C–5G).
We found that at least one odormasked the response to a point
source of each of the five tested odorants. When ethyl butyrate
was used as the point source, ethyl acetatemasked the response
as potently as did ethyl butyrate itself. Reciprocally, among the
five odorants other than ethyl acetate that were used as a point
source, ethyl butyrate most potently masked response to ethyl
acetate (Figure 5B). When all the masking data (Figures 5B–5G)
were pooled, yielding 48 odorant pairs, there were 13 cases
(27%) in which the RI to point source odorants was reduced by
R50% compared to the control value observed when paraffin
oil was used as the masking odor.
We then askedwhether there was a correlation between the ex-
tent towhichodorAmaskedodorBand thedistancebetween them114 Neuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc.
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(A) Three-dimensional projections of odor space based on Euclidean distances (left) and angular distances (right), constructed using multidimensional scaling.
Data are from odorants tested at 102 dilutions. Odorants are color coded by functional group as in Figure 1.
(B) Closest and most distant odorant pairs as measured in Euclidean distance.
(C) Closest and most distant odorant pairs as measured in angular distance.in odor space.Wedefinedamasking index,MI, asa ratioof theRI in
theabsenceandpresenceof themaskingodorant (seeExperimen-
tal Procedures). Thus, a high MI value indicates a high degree of
masking, and a low MI value indicates a low degree of masking.
We found that odor masking correlated with distance in odor
space. When angular distances were used to measure distance
in odor space, we found anR2 value of 44.0%by regression anal-
ysis (p < 0.0009; Figure 6, black line). Moreover, for most of the
point source odors in this analysis, the masking odors do not
provide a broad sampling of odor space; when we limit the anal-
ysis to the point source odor ethyl acetate, in which all odors
of the panel were sampled as masking odors, R2 = 55.9%(p < 0.0009; Figure 6, orange line). For 2-heptanone, which
was also tested with a broader sampling of masking odors, R2
was even higher: 58.4% (p < 0.0009; Figure 6, red line).
When Euclidean distances were used to analyze the entire data
set, a predictive relationshipwas still clearly observed, but the var-
iation explained was lower than when angular distances were
used:R2=35.1%,asopposed toR2=44.0%forangulardistances.
Behavioral Response to One Odorant across
a Concentration Range Depends on Two Receptors
Having observed a relationship between perception and the re-
sponses of the entire receptor repertoire, we next addressedNeuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc. 115
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(A) Masking of a point source of ethyl acetate (diluted 104) with dilutions of ethyl acetate.
(B) Masking of a point source of ethyl acetate (104) with other odorants.
(C–G) Masking of a point source of (C) 2-heptanone (102), (D) 3-octanol (102), (E) E2-hexenal (102), (F) ethyl butyrate (102), (G) 2,3-butanedione (102).
Each bar represents RI ± SEM, n = 6, except that in the case in which 2,3-butanedione was masked with propyl acetate, n = 4.116 Neuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc.
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engender behavioral responses. We began by examining the
response to ethyl acetate, which elicits behavioral responses
over doses spanning more than six orders of magnitude
(Figure 7A), but which elicits strong responses from only two
receptors, Or42a and Or42b (Figure 1A).
Or42a and Or42b show a striking difference in their sensitivity
to ethyl acetate, as measured physiologically (Figure 7B). The
half-maximal response of Or42b occurs at a dose that is below
the threshold of Or42a, suggesting that Or42b is a high-affinity
receptor and that Or42a is a low-affinity receptor. Thus, Or42b
is most informative at low ethyl acetate concentrations, and
Or42a is most informative at high concentrations.
We next examined the roles of these receptors in driving be-
havioral response to ethyl acetate at concentrations ranging
over three orders of magnitude, a range in which the behavioral
response is relatively uniform (Figure 7C). To determine how the
behavioral response depends on the activities of the two recep-
tors, we examined mutants of each. Mutants of Or42b, i.e.,
Or42a+Or42b, which lack the receptor that is sensitive to low
concentrations, show a reduced response at low concentrations
but an approximately normal response at high concentrations
(Figure 7C). Mutants of Or42a, i.e., Or42aOr42b+, give a re-
sponse index that is approximately normal at low concentrations
but reduced at high concentrations. These results suggest that
the behavioral response to low concentrations is driven primarily
by Or42b, and the response at high concentrations is dependent
on Or42a.
Interestingly, the response of Or42a–Or42b+ mutants declines
and becomes repellent as the concentration increases. One pos-
sible interpretation, among others, is that hyperactivation of
Or42b, which is very sensitive to ethyl acetate, triggers a repul-
sion circuit but that in wild-type this circuit is overridden or sup-
pressed by activation of Or42a. In any case, this result is consis-
tent with the existence of nonlinearity in the olfactory circuitry
and the possibility of interactions among ORNs in the larval an-
tennal lobe via lateral connections, which have been docu-
mented in the more complex olfactory system of the adult fly
Figure 6. Relationship between OdorMasking and Angular Distance
in a 21-Receptor Odor Space
A high masking index value indicates that fewer larvae were attracted to the
point source odor in the presence of the masking odor than in the presence
of the solvent alone.(Bhandawat et al., 2007; Kazama and Wilson, 2008; Olsen
et al., 2007; Olsen and Wilson, 2008; Shang et al., 2007).
As a control for these experiments, we have shown that muta-
tions of Or42a and Or42b do not have a general effect on odor
response: both respond normally to 2-heptanone and propyl
acetate (Figure 7D).
In summary, the receptors that have low and high thresholds,
respectively, for physiological response to ethyl acetate are the
receptors that are required at low and high concentrations, re-
spectively, for behavioral response. Thus, two receptors are re-
quired in order for the animal to respond strongly to a broad
range of ethyl acetate concentrations. We note that the consis-
tency between the results of the physiological analysis and the
behavioral genetic analysis provides additional validation of the
empty neuron system.
Predicting the Behavioral Response Index from
Receptor Responses
Having shown how the response of two receptors can be inte-
grated to engender the behavioral response to a single odor,
we next sought to expand our focus and consider how the re-
sponses of the entire receptor repertoire are integrated. As an
initial step, we summed the total number of action potentials
elicited by each odorant from all 21 receptors of the receptor
repertoire and plotted each sum against the response index ob-
tained for that odorant. Although we had not expected to find
a simple relationship, we found a modest but clear correlation
between the total spike input and the behavioral response:
greater spike input correlated with greater RIL (Figures S5A
and S5B). (RIL is used for statistical rigor; the RI was expressed
Figure 7. The Response to OneOdorant Depends on TwoReceptors
(A) Behavioral response of wild-type to ethyl acetate. Error bars = SEM; n = 10.
(B) Electrophysiological responses to ethyl acetate conferred by Or42a and
Or42b in the empty neuron system; n = 6.
(C) Behavioral responses of larvae with mutant alleles of Or42a or Or42b to
ethyl acetate; 6% n% 10.
(D) Behavioral responses to 2-heptanone and propyl acetate, at 102 dilutions;
n = 6. Responses are not statistically different from wild-type controls
(p > 0.05).Neuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc. 117
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described in Experimental Procedures, to best satisfy the nor-
mality assumptions of the analysis. A plot of RI versus total
spike input is nearly superimposable.) The correlation was ob-
served when we plotted the total number of spikes elicited by
a 102 dilution of each odorant (R2 = 0.33, p = 0.002) or by
a 104 dilution (R2 = 0.28, p = 0.006). We found comparable
correlation coefficients for attractants and repellents when con-
sidered separately, in the case of both concentrations (data not
shown).
This relationship encouraged us to ask whether a more refined
function of receptor response might provide a more powerful
prediction of behavior. We asked whether there exists a set of
coefficients {a, b, c.,} that when multiplied by the physiological
responses of receptors in spikes/s {R1, R2, R3.,} would yield
products that sum to equal the behavioral response, i.e., RIL =
aR1 + bR2 + cR3 +.. In other words, we asked whether the be-
havioral response can be predicted as a weighted integration of
input from the respective receptors.
We tested all possible subsets of receptors to identify subsets
whose activities together predicted behavior. A stepwise linear
regression model was used, along with several criteria for model
selection. It should be noted that the modeling approach used
here attempts to predict the behavioral outcome dictated by
the olfactory circuitry and does not presume to necessarily re-
veal the form of the circuitry. In particular, the number of recep-
tors in the model arises from statistical procedures to minimize
overfitting of the data (see Experimental Procedures).
We were surprised to find that the responses of small subsets
of receptors were powerful predictors of behavioral response.
Remarkably, 81% of the behavioral variation could be explained
by the activity of only five receptors (Or42a, Or45a, Or74a,
Or82a, and Or85c), as follows:
RIL = 0.0509 + 0.0061Or42a + 0.0022Or45a 0.0039Or74a
0.0113 Or82a + 0.0050 Or85c.
We note that while the model above was ranked most highly in
our analysis, we identified other models that explained similar
levels of variation. However, of the ten models that explained
the greatest degree of variation, while controlling for overfitting,
all contain Or42a, Or82a, and Or85c, and each model is based
on six or fewer receptors. The models were selected using the
criteria described in Experimental Procedures.
How well does the five-receptor model defined above predict
the behavioral response to the odors of the panel? We assessed
the predictive power of the model in two ways: first with a drop-
out analysis and second with a novel set of odorants. For the
drop-out analysis, we systematically withdrew the data for
each of the 26 odorants, fitted the regression using the re-
sponses of the five receptors to the remaining 25 odorants,
and then predicted the behavioral response for the withdrawn
odorant. A comparison of the predicted and observed behavior
is shown for each odorant in Figure 8. Overall, the model pre-
dicted 74% of the behavioral variation when each odorant was
withdrawn in turn.
We then tested the model with an entirely different set of odor-
ants. We chose a set of 14 odorants that were not used in the
original regression model. They were selected to have a similar
representation of functional groups and chain lengths as the118 Neuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc.original set. We measured the activities they elicited from the
five receptors of the model and the behavioral responses they
elicited from the larva (Figure S6). The model again predicted
the behavioral responses well. Specifically, the model predicted
55% of the total behavioral variation, and a single odorant,
1-pentanol, accounted for 46% of the prediction error. If this
odorant had been excluded, then the model would have
predicted 71% of the behavioral variation among the remaining
13 odorants.
Predicting Repellency from Receptor Responses
Perhaps the most fundamental classification of odor responses
is the division into attractive and repellent behavioral responses.
Little is known about the mechanistic basis by which an individ-
ual odor stimulus elicits attraction versus repulsion. In addition to
the intrinsic scientific interest of this problem, the basis of repel-
lency is of great practical interest: the ability to predict repellency
could be of value, for example, in the development of new insect
repellents.
Among the initial set of 26 odorants examined, six had nega-
tive RI values and can be considered as repellents (for statistical
analysis, see Experimental Procedures). We wondered whether
there were any common features among the physiological re-
sponses that these odorants evoked.
We noticed a striking relationship between repellency and
inhibitory responses across the repertoire: of the three odors
that elicit the greatest number of inhibitory responses from the
Figure 8. Comparison of Observed Behavior and Behavior Predicted
by the Model Based on Five Receptors: Or42a, Or45a, Or74a, Or82a,
and Or85c
RI values are logit transformed for statistical rigor.
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panel elicited between 0 and 8 inhibitory responses from the 21
receptors when tested at a 102 dilution (Figures 1A and S2A).
The two odors that elicited eight inhibitory responses were 2-
methyl phenol and fenchone, which are among the strongest re-
pellents; the one odor that elicited seven inhibitory responses
was 1-nonanol, also a repellent (Figure 3B and Cobb et al.,
1992). The one odor that elicited six inhibitory responses, more-
over, was 4-methyl phenol, one of the weakest attractants. Over-
all, the mean number of receptors inhibited by the repellents was
5.8, whereas only 2.9 inhibitory responses were elicited by non-
repellents (p < 0.01, Mann-Whitney test).
Heretofore we have used a stringent definition of inhibition:
a reduction in response to <50% of the spontaneous rate. As an-
other test of the relationship between repellency and inhibition,
we adopted a less stringent criterion: that the mean response
rate is less than the mean spontaneous rate. Using this criterion,
we found that repellents inhibited 10.0 receptors versus 5.3
receptors for nonrepellents (p < 0.01, Mann-Whitney test).
While there is a clear difference in the mean number of recep-
tors inhibited by repellents versus nonrepellents, there is also
overlap in the distributions. We therefore asked whether repel-
lents could be predicted from the responses of the entire recep-
tor repertoire using a multivariate classification procedure. We
first used a linear discriminant function that provided a clear
separation of repellents from nonrepellents (Figure S7) but with
some crossvalidation error. We then found that perfect discrim-
ination of the six repellents from the 20 nonrepellents could be
achieved using a nonparametric kernel density discriminant
function (SAS, Proc DISCRIM), with zero crossvalidation error.
The number of repellents in the data set is low, and thus the re-
sults must be interpreted with caution. Moreover, the form of the
discriminant function does not necessarily reflect the form of the
circuitry driving the repellent response. However, this analysis
suggests that a useful statistical prediction of repellent behavior
can be developed from the physiological responses of the
21-receptor repertoire.
Odor Space Is Largely Conserved between Two
Olfactory Systems
Our analysis of the larval odor receptor repertoire allowed us to
address the conservation of odor space among olfactory sys-
tems. Do two odorants that elicit similar patterns of activity
among the receptors of one receptor repertoire elicit similar
patterns among the receptors of another?
We examined the 16 odorants that have been tested both
against the larval receptors and against adult antennal receptors
(Hallem and Carlson, 2006). We computed both Euclidean dis-
tances and angular distances between each pair of odorants
within each olfactory system and then compared the distances
between the two olfactory systems by matrix correlations. The
matrix correlation using angular distances was 0.728 and for Eu-
clidean distances it was 0.559; both correlations were significant
at p < 0.0001 by a matrix permutation test (Mantel test) (Manly,
1991); this test shows that the elements of two matrices contain-
ing corresponding distances are significantly correlated. Thus,
even though only six receptors overlap between the two sets
of tested receptors (n = 21 larval receptors; n = 24 adult recep-tors), the overall distance relationships between the 16 tested
odors, as measured by electrophysiological activity patterns, re-
main largely consistent between the two receptor repertoires.
To investigate further the similarity between larval and adult
odor space, we performed the analysis again after excluding
the six receptors that are common to both sets of receptors
(i.e., we considered 15 larval receptors and 18 adult receptors).
For the angular distance, the matrix correlation was 0.675 (p <
0.0001) and for the Euclidean distance the matrix correlation
was 0.606 (p < 0.0001). Thus, the overall distance relationships
between the 16 tested odors, based on these larval receptors
and these adult receptors, are also largely consistent.
DISCUSSION
Here, we report a functional analysis of a complete odor receptor
repertoire. This analysis has allowed us to measure the sensory
input elicited by each of a panel of diverse odorants across an
entire chemosensory system. We have also measured the be-
havioral responses generated by each odorant. By comparing
the sensory physiology with the behavioral responses we have
been able to address fundamental questions about how sensory
input is translated into behavioral output.
The Larval Odor Receptor Repertoire
By systematically testing each receptor with a panel of odorants,
we were able to construct tuning curves for each receptor. At
neither higher nor lower odor concentrations did we find evi-
dence for a dichotomy between ‘‘specialist’’ and ‘‘generalist’’ re-
ceptors, as might have been expected from classic electrophys-
iological studies of insect ORNs (Boeckh et al., 1965; de Brito
Sanchez and Kaissling, 2005; Schneider and Steinbrecht,
1968). At the higher concentration, the receptors showed a
smooth distribution in terms of the number of odorants that ex-
cited them strongly (Figure S2A). When tested at the lower con-
centration, no receptors appeared broadly tuned. Rather, many
receptors showed strong excitation to only one odorant, or two
closely related odorants, and none showed strong excitation to
more than two of the tested odorants.
The functional diversity of the receptorsmay reflect the striking
economy of this olfactory system. In a system that contains only
21 ORNs and 21 functional receptors, the receptors may be un-
der strong selective pressure to diversify their odor response
spectra. In addition to the ability to detect odors, the ability to
discriminate odors may be a major source of selection on the re-
ceptor repertoire. The 26 odorants elicited highly diverse pat-
terns of responses among the receptor repertoire. The results
support a model in which odor quality can be identified based
on the combination of receptors that respond (Hallem and
Carlson, 2006; Malnic et al., 1999). A recent study of larval odor
receptors in the mosquito Anopheles gambiae lends further
support to this model (Xia et al., 2008).
Receptor Activity and Perception
We have demonstrated and quantitated a relationship between
receptor activity and odor masking. Specifically, we constructed
an odor space based on the response of the 21 receptors and
found that the distance between odors correlates with the extentNeuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc. 119
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when the distance between odors was measured in terms of
angular distance.
One interpretation of these results is that odors that are close
in odor space elicit similar activity patterns that are difficult for
the system to resolve. Thus, the signal of the point source is
lost in the background of the masking odorant because they
elicit similar firing patterns. Another explanation is crossadapta-
tion: if the point source odor and the background odor activate
the same receptors, then adaptation to the background odorant
might prevent these receptors from signaling the presence of the
point source (Cobb and Domain, 2000; De Bruyne et al., 1999;
L’Etoile et al., 2002; Stortkuhl et al., 1999).
There were exceptions to this relationship: ethyl acetate and
2,3 butanedione, for example, are close in both Euclidean and
angular odor space, but neither masks the other. It is possible
that the representations of these odorants, while similar among
the receptor repertoire, become dissimilar following transforma-
tions that occur in the CNS (Bhandawat et al., 2007; Daly et al.,
2004; Olsen et al., 2007; Olsen and Wilson, 2008; Root et al.,
2007; Shang et al., 2007; Wilson and Mainen, 2006). It is also
possible that these two odors elicit markedly distinct temporal
patterns of activity among the receptor repertoire that were not
revealed in our count of spikes in the first 0.5 s of stimulation.
Studies of other insects have provided evidence that similar
odorants can be discriminated in behavioral paradigms by virtue
of differences in the temporal dynamics of the responses they
elicit (Stopfer et al., 1997, 2003). Accordingly, other kinds of
odor spaces that incorporate temporal data, physiological re-
sponses at other odorant concentrations, or other parameters
may provide refined predictions of odor masking.
The odor masking paradigm we have used here provides one
behavioral measure of relationships among odorants. It will be
interesting to determine whether distances in odor space predict
other measures of perceptual distance, including measures
based on odor learning. If odorants A and B are close in odor
space and an animal is trained to avoid odorant A, will it then
avoid odorant B? However, such an analysis must be interpreted
carefully—for example, odor representations can be changed by
prior experience (Faber et al., 1999; Yu et al., 2004).
Compounds that effectively masked each other, interestingly,
were in some cases structurally dissimilar: cyclohexanone, for
example, masked the response to E2-hexenal, and 1-hexanol
masked the response to ethyl acetate, defying a simple chemical
logic tomasking.We note that, of 48 pairs of odorants examined,
in 73% of the cases the point source elicited an RI > 50% that of
the unmasked control value, despite the presence of the mask-
ing odor. These results illustrate the rich coding capacity of this
olfactory system and suggest a robust ability to distinguish
among odorants.
Intensity Coding
In addition to the identification of odor quality, assessment of
odor quantity is a critical function of olfactory systems. We
have found evidence from genetic analysis that the evaluation
of quantity depends on multiple receptors. We examined the
case of ethyl acetate, which is present at low concentrations in
some fruits and very high concentrations in others: it constitutes120 Neuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc.asmuch as 33%of the volatiles in pineapple (TNO, 2004; Umana
et al., 1992).
The larva expresses two receptors, Or42a and Or42b, that re-
spond strongly to ethyl acetate and that differ by more than two
orders of magnitude in the concentrations at which they show
a half-maximal physiological response. In behavioral tests, the
more sensitive receptor is essential for response at low concen-
trations, and the less sensitive receptor is required at high con-
centrations. These results suggest that the animal has extended
the dynamic range of its ethyl acetate response by expressing
two receptors of differing sensitivity.
These results offer one possible explanation for why the re-
ceptor repertoires of some species are so large (Ache and
Young, 2005). By integrating the responses of multiple receptors
the animal can both extend the dynamic range of its response
and acquire a more precise assessment of concentration. The
ability to detect concentration differences at high resolution
may be selected for strongly in an animal that must move up
an odor gradient toward a food source or a mating partner.
Behavioral Response Can Be Predicted from the
Responses of a Small Number of Receptors
The behavioral responses to odorants lie along a continuum,
ranging from strong attraction to repulsion. Odorants of diverse
chemical classes were capable of eliciting attractive and repel-
lent responses. We note, however, that among seven aromatic
odorants tested none elicited an RI > 0.4 and three elicited
mean RIs that were negative.
We were surprised to find that 81% of the variation in behav-
ioral response could be explained and 74%of the variation could
be predicted with a model based on the activity of only five re-
ceptors, using the test set of 26 structurally diverse odors. We
had not expected such high predictive power from a linear model
for a variety of reasons. First, we had imagined that the extent of
olfactory processing would be so great and that the transforma-
tions would be sufficiently nonlinear as to preclude a useful linear
model. Second, our evaluation of sensory input was based solely
on a count of action potentials during a 0.5 s stimulation period
and did not take into account the temporal dynamics of the re-
sponses within this period. Third, our measure of behavior is
also simple, based solely on a single binary choice per animal.
Fourth, the physiological and behavioral paradigms are mark-
edly different in mode of odor presentation and in duration,
and the concentrations used in the two paradigms are difficult
to compare.
The predictive power of a linear model is consistent with the
simplicity of some features of larval olfactory system anatomy
(Masuda-Nakagawa et al., 2005; Ramaekers et al., 2005). Each
ORN projects to a single region of the antennal lobe, where it ap-
pears to form a synapse with a single projection neuron. Each
projection neuron in turn sends an axon to only one or two glo-
meruli of the mushroom body calyx. Thus, these first stages of
the olfactory circuit do not show the convergence or divergence
characteristic of the adult antennal lobe. However, there are in-
terneurons that connect diverse regions of the larval antennal
lobe (Python and Stocker, 2002a; Python and Stocker, 2002b),
and the anatomy of the circuitry beyond the mushroom body
has not been elucidated.
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odor perception. For the original odorant panel, 26% of behav-
ioral variation was not predictable by the model. This variance
may be due in part to nonlinearities in ORN-PN synapses and
in the properties of PNs, which have been elegantly described
in the adult (Bhandawat et al., 2007; Kazama and Wilson,
2008). Some of the variation may also be due to processing at
synapses other than those between the ORNs and PNs, includ-
ing synapses that connect glomeruli, which have been well
documented in the more complex adult olfactory system (Olsen
et al., 2007; Olsen andWilson, 2008; Shang et al., 2007). Recep-
tors not included in the model may also explain much of the var-
iation, especially in the case of 1-pentanol and other odors that
are not well described by the model. In the case of 1-pentanol,
we know from earlier work (Hallem and Carlson, 2006) that at
least two other larval receptors, Or7a and Or35a, respond
strongly to it and could possibly activate a circuit that would
be better described by another model. Finally, some of the be-
havioral variation can be explained by experimental error and
noise.
We were nonetheless surprised not only that a linear model
was so powerful but also that such predictive power can be
achieved with so few receptors. Two of the receptors in the
model, Or42a and Or85c, are broadly tuned and respond most
strongly to subsets of odorants that are largely complementary.
These odorants are attractants, and the coefficients of Or42a
and Or85c in the model are, correspondingly, positive. By con-
trast, Or82a is excited only by geranyl acetate, and Or82a is
the only receptor in the repertoire that is excited by geranyl ace-
tate, presumably explaining its value in the model. Consistent
with this explanation, its coefficient in the model is negative, in-
dicating that sensory input via this receptor contributes to the re-
pellent response elicited by geranyl acetate. Likewise, of all 21
receptors, Or74a is the receptor that responds most strongly
to the repellent 1-nonanol, and its coefficient in the model is
negative as well. Thus, it is possible that the Or82a and Or74a
receptors activate a repulsion circuit.
Odors vary in their volatility. In an earlier study of larval ol-
factory behavior that used a large number of odorants, no clear
correlation was found between vapor pressure and behavioral
efficacy (Fishilevich et al., 2005); nonetheless, it is formally
possible that, had we normalized the intensity of the odor stimuli,
a five-receptor model would be less powerful.
We note that in other sensory systems a small number of
receptors is capable of driving behavioral responses to a great
diversity of stimuli. Behavioral and physiological responses to
a wide variety of sugars are mediated by two members of the
Gr family of taste receptors, Gr5a and Gr64a: one subset of
sugars depends on Gr5a, and a complementary subset depends
on Gr64a (Dahanukar et al., 2007).
If a model containing five receptors explains most of the be-
havioral variation we have observed, why does the animal con-
tain 21 functional receptors? First, other receptors may report
the presence of other odorants not included in our study. In a pre-
vious study of receptors expressed in the adult antenna, several
did not respond to any of a panel of odorants present in food
sources (Hallem and Carlson, 2006). A subsequent study
showed that they responded to fly odors (van der Goes vanNaters andCarlson, 2007). Likewise, some of the larval receptors
may be tuned to specific compounds of biological importance
that were not included in our study. Second, themultiplicity of re-
ceptors may aid in the coding of odor intensity, as considered
above. The model is based on physiological data from a single
odor concentration and behavioral data from a single concentra-
tion. We have shown in the case of ethyl acetate that different re-
ceptors are essential for response at different concentrations.
Third, the other receptors may contribute to other functions,
such as olfactory discrimination or learning. Finally, two larval
ORNs have been shown to coexpress two receptors (one ex-
presses Or33b and Or47a; the other expresses Or94a and
Or94b) (Fishilevich et al., 2005). It is possible that receptor coex-
pressionmay allow anORN to perform simple logical operations,
such as an ‘‘and’’ function that signals the coincidence of two
odorants.
We note that the predictive power of our linear model is remi-
niscent of the recent success of a simple linear model in relating
the physicochemical properties of an odorant to its human per-
ceptual qualities (Khan et al., 2007). In this study, the pleasant-
ness of odor molecules could be predicted from their structure
alone, with a linear model accounting for 30% of the variance
in the data.
Repellent Odors and Neuronal Inhibition
Remarkably little is known about the molecular and cellular
mechanisms underlying repellency. The problem is of interest
in part because of its importance in understanding the principles
of odor coding and in part because of its practical importance.
Insects transmit disease to hundreds of millions of people each
year. Compounds that repel insects are in great demand, and
there is a pressing need for new repellents that are effective,
safe, and inexpensive. Efforts to identify new repellents, how-
ever, have been severely hampered by the inefficiency of the
available behavioral screeningmethods. Suchmethods often re-
quire the rearing of large numbers of insect pests or entail diffi-
cult field studies; such behavioral studies are often complicated
by variables that are difficult to control. A simple logic to the iden-
tification of insect repellents from a rapid physiological screen of
receptor activity could thus be of value in the control of insect
pests (Hallem et al., 2004a; van der Goes van Naters and Carl-
son, 2006).
We found a correlation between repellency and neuronal inhi-
bition. A priori, this correlation is consistent with two mutually
compatible interpretations. First, inhibitory responses may con-
tribute to a repulsion response by virtue of a general reduction in
overall activity of the receptor repertoire. Second, a repulsion cir-
cuit may be triggered by the specific patterns of receptor activity.
For example, all odors that are repellents at a 102 dilution in-
hibited Or13a and Or42b, suggesting the possibility that one or
both receptors are elements of a repulsion circuit.
When the activities of the entire receptor repertoire were ana-
lyzed with a discriminant function, repellents could be distin-
guished fromnonrepellents. These results suggest the possibility
of a new means of identifying candidate repellents of Anopheles
mosquitoes, for example, whose receptor repertoire has begun
to be functionally analyzed in the empty neuron system (HallemNeuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc. 121
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of people each year.
Conservation of Odor Space
We have provided a quantitative comparison of the odor spaces
of two highly distinct olfactory organs. The larval olfactory organ
and the adult antenna have different developmental origins and
markedly different morphology. They operate primarily in differ-
ent milieux: larvae burrow in food sources, whereas adults fly
to food sources andwalk upon them.Most of the larval receptors
are larval specific, and most of the antennal receptors are adult
specific. Despite these differences, and although our description
of adult odor space is less complete than that of larval odor
space, we have found evidence that the distance relationships
among odors as measured by receptor activity patterns remain
largely consistent between the two olfactory organs.
It will be interesting to determine whether odor space is con-
served across species. It seems plausible that two species
that live in the same habitat may tend to have similar odor
spaces; however, it also seems likely that odors of particular rel-
evance to one species may occupy an expanded region of its
odor space. It will be of particular interest, for example, to deter-
mine whether human odorsmap to a large and distinct domain of
mosquito odor space.
Concluding Remarks
We were surprised by the degree to which several aspects of an
animal’s behavior could be predicted from the activities of its
odor receptors. We found that the strength of the animal’s olfac-
tory response (response index), themode of its response (attrac-
tion versus repulsion), and the response to the integrated input
from two odorants (odor masking) could all be described to
a large extent by relatively simple functions of the activities of
its odor receptors.
We were surprised in part because of the simplicity of our be-
havioral and physiological measurements, and in part because
we had imagined that the complexity of the neural processing
underlying these behaviors would defy a simple, linear analysis.
Our results do not, however, imply a lack of complexity in the
processing of olfactory information. Our predictions of behavior,
while much more accurate than we had expected, are still lim-
ited. For example, the five-receptor model predicted 81%, not
100%, of the variation in RI among the initial, larger odor panel;
for the masking of 2-heptanone and ethyl acetate, the point
source odors for which we have the most extensive data, the
R2 values were 58% and 56%. While we suspect these values
could be increased by expanding our analysis of the receptor re-
sponses, in particular as a function of time and concentration,
there are almost certainly limits imposed by the nature of the cir-
cuitry and the logic of the processing, even in the simpler larval
system. An observation that may arise from more complicated
processing is the switch from a positive to a negative RI with in-
creasing ethyl acetate concentration in anOr42aOr42b+mutant
(Figure 7C). This decline in RI may arise from nonlinearities in the
processing and by interactions between inputs in the larval
antennal lobe or at higher levels.
Finally, in this study we have found that different aspects of ol-
factory behavior can be explained by different aspects of the re-122 Neuron 59, 110–124, July 10, 2008 ª2008 Elsevier Inc.ceptor code. Overall strength of an attractive response corre-
lated with the summed magnitude of the receptor input, and RI
could be predicted by the responsemagnitudes of small subsets
of receptors. However, odor masking appeared more sensitive
to the identity of the responding receptors than to the magni-
tudes of their responses: angular distances in odor space
explained the results better than Euclidean distances. It will be
interesting to determine how these different aspects of the
receptor code are decoded by higher regions of the larval brain
and whether there are anatomically distinct circuits that decode
them.
EXPERIMENTAL PROCEDURES
Drosophila Stocks and Transgenes
UAS-Or genes were constructed as described previously (Kreher et al., 2005),
using Canton-S (CS) genomic DNA as a template, unless otherwise specified.
UAS-Or13a and UAS-Or42b were constructed from CS cDNA; a UAS-Or42b
construct was also synthesized from genomic DNA and gave similar results.
UAS-Or22c was constructed from P1 DNA. The transgenes were injected
into w1118 or w1118; Dhalo flies (Dobritsa et al., 2003).
The mutant alleles of Or42a and Or42b (Or42af04305 and Or42bEY14886) were
obtained from the Bloomington stock center. The Or42a allele is a piggyBac
transposon insertion in the second intron of the gene. The Or42b allele is a P
element insertion in the second exon. The location of insertions was verified
by inverse PCR, and each line was backcrossed to a w CS line for ten gener-
ations. The w CS line was used as a wild-type control in behavioral experi-
ments.
Electrophysiology
All recordings were conducted as previously described (Dobritsa et al., 2003;
Kreher et al., 2005). All electrophysiological data were analyzed as described
previously, except that mean spontaneous activity andmean solvent response
of each receptor was subtracted from each odor response for that receptor.
Of the 1113 odorant-receptor combinations reported here (Figure 1 and Ta-
ble S1), 156 have been tested previously in a study of antennal receptors (Hal-
lem and Carlson, 2006). Among these, 144 (92%) showed agreement within 50
spikes/s in the two studies. Of the 12 discrepancies, themeasured frequencies
were in every case higher in Hallem and Carlson (2006), which may reflect dif-
ferences in the airflow rates in the delivery systems used in that study (5.9 ml/s
for the odor stream and 24 ml/s for the airstream, as opposed to 3.75 ml/s for
the odor stream and 37.5 ml/s for the airstream in the present study). Only one
measured odorant-receptor combination, the response of Or82a to geranyl
acetate, showed a difference of more than 90 spikes/s, and further analysis re-
vealed that this response exhibited slow onset kinetics, such that a minor
change in the airflow could produce a major reduction in measured spike rate.
Statistical Analysis
Regression analysis was performed using the SAS system (SAS Institute, Cary,
NC) with the REG procedure and multiple regression model selection option,
using minimum R2 improvement (MINR). The resulting top ten models were
also evaluated for Mallow’s C, Bayesian Information Criterion (BIC), and Pre-
dicted Residuals (PRESS) (Mallows, 1973; Schwarz, 1978). The final model
presented in the main text was selected based on the ratio of full model resid-
ual error, PRESS error, and percent variation explained. Data were taken from
receptor responses to 102 dilutions.
Euclidean distance for odors x and y were defined as
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Angular distances are defined by
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where ~xi ; ~yi denote the unit length normalized spike values for the ith receptor.
Regression distances are defined as the absolute value of the differences in
the regression predicted values of the odorants.
Euclidean distances, regression model distances, and angular distances
were computed by a custom Perl program. To calculate RIL, responses were
first expressed as the probability of migration to the odor half of the plate
(p = (RI + 1)/2), and then the probability was logit transformed to yield RIL.
The masking index was defined as MI = log((RI + 1)/(RI0 + 1)), where RI and
RI’ are the response indices in the absence and presence, respectively, of
masking odor.
To identify repellents, a multiple test-corrected Bayesian 95% confidence
interval around RI = 0 of (0.14, 0.14) was constructed based on the number
of trials (500 individuals), and batch variability was estimated using a control
data set (data not shown) with a beta distribution prior. By this criterion,
2-methylphenol, 1-nonanol, benzaldehyde, fenchone, geranyl acetate, and
methyl salicylate all produced an RI significantly below 0 and can be consid-
ered repellents.
Behavioral Assays
Behavioral assays were conducted essentially as described previously (Monte
et al., 1989). Briefly, two filter paper discs were placed diametrically opposed
to each other on a thin layer of 1.1% agarose in a 10 cm Petri dish. Approxi-
mately 50 third-instar larvae were placed in the center of the dish and allowed
5 min to migrate, after which the RI was calculated. Often, a small number of
larvae remained in a clump at the center of the plate; these animals were ex-
cluded from the analysis. Masking assays were conducted similarly, except
that 750 ml of a diluted odorant were spread on a 90 mm filter paper disc
that was placed on the inner surface of the lid of the Petri dish. This volume
was chosen following pilot experiments in which larger volumes were found
to drip from the filter. The background (mask) odor was a 102 dilution in all
cases except for in Figure 5A, in which it was varied over six orders of magni-
tude. As negative controls in the masking studies, responses to point source
odorants were measured in the presence of 750 ml of paraffin oil added to
the disc placed on the inner surface of the lid.
SUPPLEMENTAL DATA
The Supplemental Data include tables and figures and can be found with this
article online at http://www.neuron.org/cgi/content/full/59/1/110/DC1/.
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